Abstract.-SQUID noise in the 1/f noise region was integrated for 140 hours in a narrow frequency band centered on 0.017 Hz, and the theoretical minimum detectable energy of 1.3 x 10 _33 J was demonstrated. We use this result to determine the angular readout sensitivity of a superconducting gyroscope.
INTRODUCTION.-SQUID magnetometers exhibit increasing noise power at low frequencies /l/ which tends to rise as f /f, typically beginning in the range 10-2 Hz < f < 1 Hz. The integrability of SQUID noise in the 1/f region to improve sensitivity is essential to the attainment of high angular resolution in the gyroscope described below, but it has sometimes been erroneously claimed that 1/f noise cannot be integrated. Sensitivity to a dc signal is not improved for integration times longer than approximately 1/f because of the greater contribution from low frequency noise power to the result, but for an ac signal in the 1/f region, the expected benefits of integration can be accrued. The experiment described below will demonstrate that point.
EXPERIMENT.-An S.H.E. /2/ TSQX SQUID, operated with S.H.E. model 330X electronics, was used for this experiment. With its input shorted, the SQUID was placed in an ambient field of 3 x 10 -7 gauss.
The output noise of the magnetometer was passed through a 3 pole filter at 0.1 Hz, amplified by 964, digitized at 5 second intervals, and recorded on magnetic tape for 140 continuous hours. A 7.1 x 10 -6 <j>o rms calibration signal'at 0.017 Hz was injected into the SQUID rf coil; it was nearly an order of magnitude below the noise at the filter output.
ANALYSIS.-The data was analysed using power spectra determined via the fast Fourier transform. The example shown in figure 1 was made by averaging 49 individual 1024 point periodigrams.
For white noise, the minimum detectable erergy <5E at frequency f is SE = S(f)Af, where S(f)
is the spectral density of the noise. It is not obvious a_ priori that when integrating noise in the 1/f region for times as long as 140 hours that either the noise is integrable to the expected 6E, or that instrumentation effects will not limit the process.
The minimum Af for an FFT power spectrum is 1/T D where T" is the record length. For T" = 140 hours, Af = 1.98 x 10" 6 Hz. At the calibration signal position, S(f) = 6.8 x 10-J/Hz that one hopes to find SE : 1.35 x 10 -33 J.
The spectrum of figure 2 is an expanded region around the calibration signal and has Af = 1.98 x 10-6 Hz. The accepted criterion for a 1:1 signal to noise ratio is that the signal equals f o r a n e a r t h -o r b i t i n g t e s t o f General R e l a t i v i t y 151. The gyroscope i s a 3.8 cm diameter q u a r t z sphere coated w i t h superconducting niobium, and cooled t o % 1.5 K . When t h e gyroscope s p i n s , t h e superconduc t i n g c o a t i n g g e n e r a t e s a magnetic f i e I d e x a c t l y a l o n g t h e s p i n a x i s , the London moment 161 which i s given by HL = 7.14 x 10-I' f t e s l a (4.1) where f , t h e r o t a t i o n frequency, w i l l b e approximat e l y 200 Hz.
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The readout c i r c u i t i s a c o n t i n u o u s supercond u c t i n g p a t h , and f l u x from the gyroscope t h r e a d i n g the readout loop g e n e r a t e s a c u r r e n t i n t h e c i r c u it r y p r o p o r t i o n a l t o s i n e . The s p a c e c r a f t w i l l r o l l , a t % 1 rpm, about an a x i s t h a t i n i t i a l l y c o i n c i d e s with t h e s p i n a x i s of t h e gyroscope. I f t h e s p i n a x i s t i p s from t h e p l a n e of t h e loop, an a c c u r r e n t a t t h e r o l l r a t e and p r o p o r t i o n a l t o s i n e w i l l flow i n t h e readout c i r c u i t , t r a n s f e r r i n g energy t o a SQUID magnetometer . where LR and LS a r e r e s p e c t i v e l y t h e readout loop and SQUID i n p u t c o i l inductances. For maximum energy t r a n s f e r , L e q u a l s LS. The energy contained i n R t h e SQUID i n p u t c o i l i s 1
Combining equations (4.21, (4.3) and (4.4) s e t t i n g E. = 6E = 1.3 x 5 , and t a k i n g LR = 0.3uH, t h e a p p r o p r i a t e value f o r t h e p r e s e n t gyroscope dimens i o n s , g i v e s 0 = 4.9 x r a d . The d e s i g n goal min f o r t h e R e l a t i v i t y experiment i s 9 < 5 x lo-' min rad over a maximum angular range of 2 50 arc-s.
CONCLUSION.-I n t e g r a t i o n f o SQUID l / f n o i s e i n a narrow frequency band away from dc proceeds a s though t h e n o i s e were white, and thus SQUID s e n s it i v i t y i s d i r e c t l y c a l c u l a b l e from i t s n o i s e power curve. A s e n s i t i v i t y of 1.35 x J h a s been demonstrated, t h e e q u i v a l e n t of 1 m i l l i a r c -s f o r t h e gyroscope readout described.
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F i g . 3 : Basic London moment readout.
